Autonomic nervous system control in subjects with vasovagal syncope is controversial. In the present study, we used short-term spectral analysis to evaluate autonomic control in subjects with recurrent vasovagal syncope. We assessed the ability of spectral indices of HR (heart rate) variability to predict tilt-test responses. A series of 47 outpatients with recurrent vasovagal syncope and with positive responses to head-up tilt testing underwent a further study of RR variability during controlled breathing at rest and during tilt testing. During controlled breathing, RR interval variability of total power (TP RR ; P < 0.001), low-frequency power (LF RR ; P < 0.05), high-frequency power (HF RR ; P < 0.001) and HF expressed in normalized units (HFnu RR ; P < 0.001) were all higher, and LF expressed in normalized units (LFnu RR ) and LF/HF ratio were lower in subjects with vasovagal syncope than in controls (P < 0.001). To assess the ability of spectral components of RR variability to predict tilt-test responses, we prospectively studied 109 subjects with recurrent vasovagal syncope. The two normalized measures, HFnu RR and LFnu RR , determined during controlled breathing alone predicted a positive tilt-test response (sensitivity, 76 %; specificity, 99 %; positive predictive value, 96 %; and negative predictive value, 90 %). During tilting, subjects with vasovagal syncope had lower SBP (systolic blood pressure; P < 0.05), LF component of peak SBP variability (LF SBP ) and LFnu RR than controls, and higher TP RR , HF RR , HFnu RR and α HF (P < 0.001). These spectral data indicate that vagal sinus modulation is increased at rest in subjects with vasovagal syncope. Spectral analysis of RR variability during controlled breathing, a procedure that predicts tilt-test responses, could be a useful guide in choosing the method of tilt testing.
INTRODUCTION
Despite lengthy study, the genesis and pathophysiology of neurally-mediated syncope remains controversial [1] . Furthermore, is it not yet clear whether autonomic control, at baseline and during the tilt phases preceding the onset of tilt-induced hypotension and bradycardia or both events, differs in people without or with a history of recurrent syncope.
One of the most used techniques for studying baseline autonomic control is baroreflex sensitivity. Two studies investigating baroreflex sensitivity using the phenylephrine method have reported low indexes in patients with vasovagal syncope [2, 3] . Another study failed to confirm this result [4] , but reported low cardiopulmonary baroreflex sensitivity with no decrease in carotid reflexes. The decreased vagal control at baseline was not confirmed either by non-pharmacological studies of vagal control, such as Valsalva or deep breathing [5, 6] , or by studies investigating baroreflex sensitivity by spectral analysis (α index) [7] . A study assessing RR variability in the time domain nevertheless disclosed a decrease in some indexes of RR variability over the 24 h, a finding indicating decreased vagal control [8] . Specific short-period spectral methods have found no differences in baseline autonomic control between subjects without or with a history of syncope [9] [10] [11] [12] [13] [14] . Neither have changes in baseline sympathetic control been detected with techniques specifically designed to assess this system, including noradrenaline spillover [15, 16] and microneurography [2] .
Discordant data have also been reported on autonomic control during the tilt phases preceding syncope. Although some non-spectral studies (noradrenaline spillover and microneurography) [3, 15, 16] observed a decreased sympathetic response before tilt-induced syncope, other studies using techniques based upon RR intervals have provided ambiguous results. Although one study reported decreased sympathetic activity [13] , another reported increased sympathetic activity [14] , a third described both patterns [11] and two studies reported increased vagal activity [12, 17] .
A better understanding of the pathophysiology of tiltinduced syncope could provide a more rational basis for the therapy of syncope. It might also help to optimize the resources currently used to obtain a diagnosis. Therefore we undertook a study using spectral analysis of RR and arterial pressure variabilities during the various phases preceding tilt-induced syncope. To assess the ability of the major spectral components of RR variability to predict tilt-test responses, we prospectively studied a group of subjects with recurrent vasovagal syncope.
METHODS
A series of 47 outpatients with a diagnosis of recurrent vasovagal syncope (at least three events in the past 3 months), selected according to the guidelines of the ESC (European Society of Cardiology) [18] , and with positive responses to head-up tilt testing underwent repeat spectral analysis of RR variability during controlled breathing at rest and during head-up tilt testing. None of them had cardiovascular disease or other disorders, none of them was receiving medication, and all of them had negative responses to carotid sinus massage. A group of 33 healthy subjects with no history of syncope, matched for general characteristics, acted as controls. Three subjects selected as controls were excluded because vagal symptoms developed during tilt. The three recording windows show syncope (around beat 1131). The recording of the syncopal episode shows the predominating pressure fall with less evident changes in HR (vasodepressor syncope). During Tilt 1, 256 beats were obtained from 5 min onwards and, in Tilt 2, 256 beats preceding the onset of syncope were measured.
In all, arterial pressure (Finapres Ohmeda 2300), RR intervals (electrocardiography) and respiratory frequency (strain-gauge belt) were recorded from 77 participants according to the following study protocol. After a 15 min rest in a supine position, two 256 beat epochs were recorded, the first during free breathing and the second during controlled breathing (15 breaths/min; 0.25 Hz) at rest. During continuous recording of the three autonomic variables, all subjects then underwent a head-up tilt test (70
• ) lasting 45 min. If syncope or presyncope developed accompanied by an abrupt fall in blood pressure (Figure 1) , the subject was returned to the supine position. A 15 min interval of free breathing elapsed between controlled breathing and tilt. To check the possible influence of anxiety on autonomic control and tilt testing, all participants completed a brief self-reported anxiety questionnaire [19] .
We assessed autonomic nervous system function by measuring the haemodynamic response in four 256 beat epochs, two in supine subjects (one during free breathing and the other during controlled breathing) and two during head-up tilt. The first recording during tilt testing (Tilt 1) was obtained in both groups, i.e. subjects with vasovagal syncope and positive tilt-test responses (STT+) and controls, and began after the first 5 min of tilting ( Figure 1 ). The second recording (Tilt 2) considered the last 256 beat epoch before tilting ended in controls and the 256 beat epoch preceding the abrupt tilt-induced fall in pressures in STT+ (Figure 1 ).
An autoregressive algorithm [20] was used to analyse four stationary segments from electrocardiographic recordings of HR (heart rate), blood pressure and respiratory activity (Figure 1 ). For each of these autonomic variables, we then determined the TP (total power) of RR intervals (TP RR ) and SBP (systolic blood pressure), and their total spectral density. For RR and SBP, we calculated the following spectral components: a HF (high-frequency power) component (from 0.15-0.45 Hz equivalent), a LF (low-frequency power) component (from 0.03-0.15 Hz equivalent) and a VLF (very-LF) component (below 0.03 Hz equivalent) [21, 22] . The resulting spectral data for RR were transformed into the natural logarithm of the variable (ln) [20, 21] . The relative value of each spectral power component of RR intervals (LF RR and HF RR ) was also measured and expressed in normalized units (LFnu RR and HFnu RR ) [20, 21] . Normalized units were calculated as follows
We calculated spontaneous baroreflex sensitivity with α index. This method yields two α indices [22] [23] [24] 
where LF SBP and HF SBP are LF and HF components of peak SBP variability respectively. The coherence function of the various spectral components was then estimated. Coherence expresses the fraction of power at a given frequency in either time series that can be explained as a linear transformation between the two signals [24] .
Recordings showing < 0.5 coherence in LF and HF between the pressure signal and RR variability were discarded [25] . We also undertook a prospective study in 109 patients (59 males, 50 female) with a history of unexplained syncope to assess the ability of spectral analysis of RR variability during controlled breathing compared with tilt testing without drugs and after pharmacological stimulation. All subjects underwent the standard study protocol: RR variability recorded during controlled breathing (15 breaths/min) and a 45 min tilt test at 70
• . Subjects in whom simple tilt testing (without drugs) induced a negative response then underwent a tilt test after pharmacological stimulation with nitroglycerine derivatives (NG-tilt) in accordance with the ESC protocol. After receiving a fixed dose of 400 µg of nitroglycerine spray sublingually, they underwent a 20 min spectral recording in the upright position (70 • ). All data were evaluated by use of database SPSS-PC+ (SPSS-PC+ Inc, Chicago, IL, U.S.A.). One-way ANOVA was used to compare spectral and non-spectral data in the SST+ and control subjects. Repeated-measures ANOVA was used to evaluate the differences between free breathing and controlled breathing at rest, and Tilt 1 and Tilt 2. For variables with a non-linear distribution (LF/HF, LFnu RR and HFnu RR ), the Friedman test was used to compare the data for the two groups measured at rest and during the two tilt tests, and Mann-Whitney U tests were applied to compare the results among the 
RESULTS
In all 47 subjects with a diagnosis of recurrent STT+, tilt induced hypotension (Table 1) and was accompanied in eight of the 47 subjects by bradycardia (HR, 35-45 beats/min). None of the SST+ subjects had signs of cerebral irritation. The mean time tolerated in the tilt position was 11.3 + − 0.3 min. No difference was found in the baseline characteristics (Table 1 ) and non-spectral data obtained during free breathing at rest between the STT+ group and controls. Conversely, the non-spectral data during controlled breathing showed that the STT+ group had longer mean RR intervals than the control group (P < 0.05; Table 2 ), but no difference in SBP.
During controlled breathing, all spectral data for RR variability expressed in absolute values (TP RR , LF RR and HF RR ) were significantly higher in the STT+ group than in controls (Table 2) . HFnu RR exhibited the same pattern (40 + − 3 in the STT+ group compared with 30 + − 1 in controls; P < 0.05), whereas LF/HF (Table 2) and LFnu RR were significantly lower (50 + − 3 in the STT+ group compared with 63 + − 1 in controls; P < 0.05). Finally, HF SBP was significantly higher in the STT+ group than in controls (Table 2) . In the STT+ group, SBP decreased significantly between rest and Tilt 1 (P < 0.05) and Tilt 2 (P < 0.001), and between Tilt 1 and Tilt 2 (P < 0.001). LF SBP was significantly lower during both consecutive tilts in the STT+ than in the control group (P < 0.001; Table 3 ).
No significant difference was found between mean RR intervals, arterial pressure and spectral data during rest (Figure 2 and 3 ) and controlled breathing in either group.
During both tilts all the spectral data obtained from RR variability expressed in absolute values (TP RR , LF RR and HF RR ) were significantly higher in the STT+ group than in controls (Table 3) , with the exception of LF RR measured during Tilt 1, which was similar, but remained statistically unchanged over the various experimental conditions (Table 3) . Conversely, LFnu RR ( Figure 3 ) and LF/HF (Table 3 ) increased significantly in both groups during tilt, but LFnu RR was also significantly lower (P < 0.05) in the STT+ group under these two conditions (Figure 3) . The LF/HF ratio was significantly lower in the For Tilt 1, the recording begins at the 5th min of tilting. For Tilt 2, the recording begins at the end of testing or onset of syncope.
STT+ group only during Tilt 2 (Table 3) . Lastly, HFnu RR was higher in the STT+ group under both tilt conditions ( Figure 2 ) but, in both groups, both tilts significantly decreased the values for this variable obtained at rest (P < 0.001). Analysis of the spectra for arterial pressure showed that LF SBP increased significantly (P < 0.001) from baseline during the two tilts in controls (Table 3 ). This spectral variable was also significantly lower in the STT+ group than in controls during Tilt 1 and Tilt 2 (Table 3) . Similarly, HF SBP also increased significantly from baseline during the two tilts in controls ( Table 3) .
The two α indexes, measures of baroreflex sensitivity, diminished significantly during tilt in both groups ( Table 3) . In both tilts, the α index was larger in the STT+ group than in controls (P < 0.001; Table 3 ).
The prospective study designed to test the main spectral indexes of HR variability during controlled breathing showed that the index best able to predict a positive tilt-test response was HFnu RR . Of the 109 subjects studied, 32 (30 %) had positive responses to head-up tilt without drugs (STT+), 34 (31 %) to NG-tilt (NGtilt+) and 43 (39 %) were negative (STT−; vasovagal syncope and negative tilt-test response). No statistical difference was found between the general characteristics of the subjects studied. During tilt testing without drugs, during controlled breathing, HFnu RR was significantly higher in the SST+ group than in the SST− or NG-tilt+ groups (39 + − 2 in SST+, 26 + − 3 in SST−, and 32 + − 2 in NG-tilt+). The mean time needed to induce syncope was 11.4 + − 1 min after tilt tests without drugs and 7 + − 1 min after NG-tilt. The best sensitivity and specificity was HF nuRR 35: this value yielded 25 true positives, one false positive, eight false negatives and 75 true negatives (sensitivity, 76 %; specificity, 99 %; positive predictive value, 96 %; and negative predictive value, 90 %). No spectral component of RR variability achieved acceptable predictive ability compared with a positive response to NG-tilt. The reproducibility, tested in all subjects, of an initially negative tilt-test result was 97 % (73 out of 75), the reproducibility of an initially positive tilt-test result was 96 % (24 out of 25) and the overall reproducibility of the tilt test was 97 % (97 out of 100). All subjects who entered this study underwent tilt-training exercises [26] and the data are being processed.
DISCUSSION
The data from our present study show that the spectral pattern during controlled breathing and during tilt in subjects with a history of recurrent syncope and in whom tilt induces syncope differs from that of healthy subjects. During controlled breathing, all the single spectral components of RR variability and their sum, namely TP, were higher in the STT+ group than in controls. Normalizing the data helped to decrease the influence of TP thus, in practice, estimating the spectral components in percentages [20, 21, 25] . Hence the major presence of HFnu RR (Figure 2) , and the minor presence of LFnu RR ( Figure 3 ) and LF/HF must therefore be interpreted from a physiological viewpoint as a relative increase in the vagal contribution and a decrease in the sympathetic contribution to sinus-node modulation during controlled breathing [20, 21, 25, 27] .
We failed to confirm the spectral data for RR and SBP variability when subjects breathed freely. This phenomenon has a dual explanation. During controlled breathing, power in the HF spectral components concentrates around the respiratory rate (15 breaths/min = 0.25 Hz; Figure 4B ), whereas during free breathing the respiratory rate is distributed more widely in the spectrum ( Figure 4A ) and may even decrease to less than 9 breaths/min (0.15 Hz), thus increasing LF spectrum ( Figure 4A ). Spectral analysis during uncontrolled breathing cannot, therefore, evaluate precisely how the two autonomic components modulate sinus frequency and arterial pressure. For this reason, in our present study, in a certain spectral area (the shaded area in Figure 4A ), sympathetic and vagal control overlapped [23, 24, 28] . Even so, controlled breathing probably increased vagal sinus modulation [29] . In other words, controlled breathing could unmask increased vagal sinus modulation that is not detectable during free breathing [20, 25, 29] . Accordingly, during free breathing, we found no difference between the two groups, as others have confirmed. Others presumably failed to disclose significant changes between controls and STT+ subjects precisely because they obtained their data during free breathing [9] [10] [11] [12] [13] [14] .
Normal baroreflex sensitivity, expressed as the α index, during controlled breathing in these subjects indicates that the high HF RR produced by the increased vagal sinus modulation is not mediated by the baroreflexes, but has a central origin [30] . Hence our present study shows no differences in baroreflex sensitivity determined during controlled or free breathing between the STT+ and control groups. This finding contrasts with previous reports by others who assessed baroreflex sensitivity with the phenylephrine method [2, 3] . Given the low agreement for the data yielded by the two techniques, the two methods are, in any case, poorly comparable [23, 24, 31] .
The data recorded during Tilt 1 show that arterial pressure declined before the symptoms of syncope began, as has been observed recently [32] . This haemodynamic variable had no accompanying increase in LF SBP . Hence sympathetic control of peripheral resistance starts to decline before vasovagal syncope develops fully. In addition, already in the phase preceding the onset of tilt-induced presyncope symptoms, TP, HF RR and HFnu RR increased, whereas LFnu RR diminished. This finding indicates increased vagal sinus modulation and diminished sympathetic activity. Evidence that this autonomic pattern reflected the absence of decreased baroreflex activity came from the higher α HF during The upper left-hand panel shows the respiratory spectra at rest during free breathing. Note the two main peaks, a higher peak between 0.312 and 0.416 Hz and a lower peak between 0.104 and 0.208 Hz. These two peaks correspond to two different respiratory rates that the subject used spontaneously. The lower left-hand panel shows the corresponding RR spectrum for the same period of free breathing. Two peaks are evident, one between 0.208 and 0.312 Hz and the other between 0.312 and 0.416 Hz, both arising from respiratory activity, but the dotted area is influenced by respiratory activity corresponding to the lower peak in the respiratory spectrum and by efferent sympathetic activity (between 0.04 and 0.15 Hz). The upper right-hand panel shows the respiratory spectrum during controlled breathing (15 breaths/min; 0.25 Hz). The lower right-hand panel shows the RR spectrum during the same period. Note that HF spectral power concentrates around a single peak at 0.25 Hz and that LF around 0.1 Hz is easy to distinguish. Note also that the spectral components (TP, VLF, LF and HF) differ quantitatively. An increase of this kind is compatible with increased sinus vagal modulation during controlled breathing [20, 25, 27] .
this tilt phase in the STT+ group compared with controls. As expected, all these variables, namely low SBP, LF SBP and LFnu RR and high TP, HF RR , HFnu RR and α HF were confirmed during Tilt 2, that is, just before the onset of vasovagal syncope. At this phase, most STT+ subjects exhibited the vagal symptoms that develop shortly before true syncope. Again, these data imply decreased sympathetic modulation of peripheral resistance and sinus activity, along with increased vagal sinus modulation, the net result being a nonsignificant rise in HR in the STT+ group, but not the controls.
The most important clinical finding in our present study is that HFnu RR 35 determined during controlled breathing yields satisfactory sensitivity and excellent specificity in predicting a positive tilt-test response. Hence we can almost be sure that a patient with a history of syncope and HFnu RR < 35 will have a negative tilt-test response. Because patients with a history of syncope and negative tilt-test responses generally undergo additional tilt testing with drug stimuli (sublingual nitroglycerine derivatives or intravenous isoproterenol), being confident they will test negative on simple tilt-testing, we could therefore in future assign patients with a history of syncope and HFnu RR < 35 directly to pharmacological tilt testing. This approach would afford noteworthy savings in time and economic resources, as the whole upright tilt-testing procedure takes 45 min.
Syncope is a disorder that involves the use of enormous resources for diagnosis and attempted therapy. A better understanding of the pathophysiology of vasovagal syncope could provide a more rational basis for management. Spectral analysis of RR interval and arterial pressure variability could shorten diagnostic investigational times, assist the choice of therapy and simplify surveillance during follow-up [33, 34] . These questions need to be addressed in specially designed prospective studies.
